The anaerobic oxidation of methane (AOM) is a microbial process present in marine and freshwater 2 1 environments. AOM is important for reducing the emission of the second most important greenhouse 2 2 gas methane. In marine environments anaerobic methanotrophic archaea (ANME) are involved in 2 3
sulfate-reducing AOM. In contrast, Ca. Methanoperedens of the ANME-2d cluster carries out nitrate 2 4
AOM in freshwater ecosystems. Despite the importance of those organisms for AOM in non-marine 2 5
environments not much is known about their lipid composition or carbon sources. To close this gap, 2 6
we analyzed the lipid composition of ANME-2d archaea and found that they mainly synthesize 2 7
archaeol and hydroxyarchaeol as well as different (hydroxy-) glycerol dialkyl glycerol tetraethers, 2 8 albeit in much lower amounts. Abundant lipid headgroups were dihexose, monomethyl-phosphatidyl 2 9
ethanolamine and phosphatidyl hexose. Moreover, a monopentose was detected as a lipid headgroup 3 0
which is rare among microorganisms. Batch incubations with 13 C labelled bicarbonate and methane 3 1
showed that methane is the main carbon source of ANME-2d archaea varying from ANME-1 archaea 3 2 which primarily assimilate dissolved inorganic carbon (DIC). ANME-2d archaea also assimilate DIC, 3 3 but to a lower extent than methane. The lipid characterization and analysis of the carbon source of Ca. 3 4
Methanoperedens facilitates distinction between ANME-2d and other ANMEs. Methane is the second most important greenhouse gas on earth with an atmospheric methane budget of 3 7 about 600 Tg per year (Conrad, 2009; Dean et al., 2018) . About 69% of methane emission into the 3 8
atmosphere is caused by methanogenic archaea (Conrad, 2009) . Fortunately aerobic and anaerobic 3 9 methanotrophic microorganisms can oxidize methane back to carbon dioxide that is a 25-times less 4 0 potent greenhouse gas than methane. The anaerobic oxidation of methane (AOM) is a microbial 4 1 process present in marine and freshwater environments. AOM has first been described to be performed 4 2 by a consortium of anaerobic methanotrophic archaea (ANME) and sulfate-reducing bacteria in 4 3 microbial mats in the deep sea or in marine sediments (Hoehler et al., 1994; Hinrichs et al., 1999; 4 4 Boetius et al., 2000; Hinrichs and Boetius, 2002; Orphan et al., 2002) . ANME archaea are related to 4 5 methanogens and oxidize methane by using the reverse methanogenesis pathway (Hallam et al., 2004; 4 6 Arshad et al., 2015; McAnulty et al., 2017; Timmers et al., 2017) . In addition to sulfate, also oxidized 4 7
nitrogen compounds (Raghoebarsing et al., 2006; Ettwig et al., 2010; Haroon et al., 2013) as well as 4 8
iron and manganese (Beal et al., 2009; Ettwig et al., 2016; Cai et al., 2018) can be used as electron 4
Methylomirabilis oxyfera only detected sn2-hydroxyarchaeol as the dominant lipid of the archaeal 7 8
partner (Raghoebarsing et al., 2006) . 7 9
Besides the characterization of lipids in ANME archaea it is also pivotal to understand which carbon 8 0 source those organisms use for biomass production. The main carbon assimilation pathway in 8 1 methanogenic Euryarchaeota is the reductive acetyl-CoA pathway (Whitman, 1994; Berg et al., 2010) . 8 2
In this pathway a carbonyl group and a methyl group are combined to form acetyl-CoA. In archaea, 8 3
acetyl-CoA is used for formation of membrane lipids via the isoprenoid compound 8 4 geranylgeranylphosphate in the mevalonate pathway, although not all of the enzymes involved in this 8 5
pathway are known with certainty (Koga and Morii, 2007; Matsumi et al., 2011) . An ether bond is 8 6
formed between the glycerol-1-phosphate backbone and the isoprenoid side chains. Subsequently 8 7
cytidine-diphosphate is attached and finally the unsaturated isoprenoid side chains are reduced to form 8 8
diphytanylglycerol diether, also known as archaeol (Matsumi et al., 2011) . 8 9
The isotopic composition of lipids provides information on the carbon source used by the 9 0 microorganism. The lipids of ANMEs involved in AOM are usually strongly depleted in 13 C, with 9 1 δ 13 C values ranging from -70 to -130‰ (Elvert et al., 1999; Pancost et al., 2000; Niemann and Elvert, 9 2 2008) . Such low δ 13 C values of lipids have been explained by the assimilation of 13 C-depleted methane 9 3 carbon during methane uptake into biomass (Elvert et al., 1999; Hinrichs et al., 1999; Pancost et al., 9 4 2000; Orphan et al., 2002) . Mixed assimilation of CH 4 and CO 2 has been reported for marine ANME-9 5
1, -2a, and -2b strains indicating that at least some ANME strains can use methane-derived carbon for 9 6 biomass production (Wegener et al., 2008) . However, for ANME-1 it has been shown that methane 9 7 oxidation is decoupled from the assimilatory system and that CO 2 -dependent autotrophy is the 9 8 predominant mode of carbon fixation (Kellermann et al., 2012) . In general, ANME archaea seem to be 9 9
able to assimilate both, methane and dissolved inorganic carbon, and the preferred carbon source for 1 0 0 assimilation might vary between the different ANME clusters. 1 0 1
In this study, we performed analysis of the lipids from ANME-2d archaea and compared these with 1 0 2 previous studies about different ANME lipids. Moreover, we analysed the incorporation of 13 C-1 0 3 labelled methane and bicarbonate in lipids of these archaea to establish the carbon sources used for 1 0 4 assimilation. For lipid analysis of Ca. Methanoperedens sp. two different bioreactors were sampled. One bioreactor 1 0 8
contained archaea belonging to the ANME-2d clade enriched from the Ooijpolder (NL) (Arshad et al., 1 0 9
2015; Berger et al., 2017) and the other reactor ANME-2d archaea enriched from an Italian paddy 1 1 0
field (Vaksmaa, Jetten, et al., 2017) . The anaerobic enrichment culture dominated by Ca. 1 1 1
Methanoperedens sp. strain BLZ2 originating from the Ooijpolder (Berger et al., 2017) was 1 1 2 maintained in an anaerobic 10 L sequencing batch reactor (30°C, pH 7.3 ± 0.1, stirred at 180 rpm). 1 1 3
The mineral medium consisted of 0.16 g/L MgSO 4 , 0.24 g/L CaCl 2 and 0.5 g/L KH 2 PO 4 . Trace 1 1 4 elements and vitamins were supplied using stock solutions. 1000 x trace element stock solution: with Ar:CO 2 in a 95:5 ratio. Per day 30 mmol nitrate added to the medium were supplied to the 1 2 2 bioreactor and were completely consumed. Methane was added by continuously sparging the reactor 1 2 3 content with CH 4 :CO 2 in a 95:5 ratio at a rate of 15 mL/min. The reactor was run with a medium 1 2 4 turnover of 1.25 L per 12 h. A 5 min settling phase for retention of biomass preceded the removal of 1 2 5
supernatant. Under these conditions nitrite was not detectable with a colorimetric test with a lower 1 2 6 detection limit of 2 mg/L (MQuant test stripes, Merck, Darmstadt, Germany). Growth conditions and 1 2 7
operation of the bioreactor containing ANME-2d archaea enriched from an Italian paddy field soil are 1 2 8
described by Vaksmaa et al., 2017 (Vaksmaa, Jetten, et al., 2017 . Sampled material from both reactors 1 2 9
was centrifuged (10000 x g, 20 min, 4°C) and pellets were kept at −80°C until subsequent freeze-1 3 0 drying and following lipid and isotope analysis.
Analysis of the microbial community 1 3 3
For the Ooijpolder enrichment we performed whole genome metagenome sequencing. DNA 1 3 4 extraction, library preparation and metagenome sequencing were performed as described before by 1 3 5
Berger and co-workers (Berger et al., 2017 et al., 2015; Berger et al., 2017) were transferred with a syringe to a 120-ml serum bottle that 1 4 4 had been made anoxic by flushing the closed bottle with argon gas for 10 min. Afterwards, the culture 1 4 5
was purged with 90% argon and 10% CO 2 for 5 min. 2.5 mM NaHCO 3 and 18 ml methane (Air 1 4 6 (10 min) and centrifugation the solvent layer was collected. The residue was re-extracted twice. The 1 7 1 combined solvent layers were separated by adding additional DCM and phosphate buffer to achieve a 1 7 2 ratio of MeOH, DCM and phosphate buffer (1:1:0.9 v/v/v). The separated organic DCM layer on the 1 7 3
bottom was removed and collected while the aqueous layer was washed two more times with DCM. 1 7 4
The combined DCM layer was evaporated under a continuous stream of nitrogen. 1 7 5
Acid hydrolysis -Head groups of archaeal lipids were removed using acid hydrolysis. About 20 mg 1 7 6 freeze-dried biomass was hydrolyzed with 2 ml of a 1.5 N HCl/MeOH solution and samples stirred for 1 7 7 2 h while heated at 130°C with a reflux system. After cooling, the pH was adjusted to pH 4-5 by filter. About 2 mg per ml core lipid containing extracts were used for analysis by ultra-high 2 1 4 performance liquid chromatography linked to time-of-flight atmospheric pressure chemical ionization 2 1 5 mass spectrometry using a (UHPLC-APCI-TOFMS). Core lipid analysis was performed on an Agilent 2 1 6
1260 Infinity II UHPLC coupled to an Agilent 6230 TOF-MS. Separation was achieved on two 2 1 7
UHPLC silica columns (BEH HILIC columns, 2.1 x 150 mm, 1.7 μ m; Waters) in series maintained at 2 1 8
25˚C. The injection volume was 10 µl. Lipids were eluted isocratically for 10 min with 10% B, 2 1 9
followed by a linear gradient to 18% B in 15 min, then a linear gradient to 30% B in 25 min, then a 2 2 0 linear gradient to 100% B in 30 min, and finally 100% B for 20 min, where A is hexane and B is 2 2 1 hexane: isopropanol (9:1). Flow rate was 0.2 ml/min and pressure 400 bar. Total run time was 120 min 2 2 2 with a 20 min re-equilibration. Settings of the ion source (APCI) were as followed: gas temperature 2 2 3
200°C, vaporizer 400°C, drying gas 6 l/min, nebulizer 60 psig. The lipids were identified using a 2 2 4 positive ion mode (600-1400 m/z cellulose filter with 4 mm diameter prior to analysis by ultra-high performance liquid chromatography 2 2 8 linked to ion trap mass spectrometry using electrospray ionization (UHPLC-ESI-MS). UHPLC 2 2 9
separation was conducted on an Agilent 1200 series UHPLC equipped with a YMC-Pack Diol-120-NP 2 3 0 column (250 x 2.1 mm, 5 µm particle size) and a thermostated autoinjector, coupled to a Thermo LTQ Analysis of microbial community 2 4 0
We performed phylogenetic analysis of the microbial community in the ANME-2d enrichment 2 4 1 originating from the Ooijpolder. Twenty-three percent of the reads were assigned to Ca. very similar, indicating that our results are not dependent on the strain or the environment from which 2 5 3 the strain was enriched. 2 5 4 homologues are the main isoprenoidal core-lipids in this enrichment. 3 0 4 
0 5
Lipid extraction was performed in quadruplicates, error is given as standard deviation. For calculation of the 3 0 6 relative abundance of archaeol also peaks derived from archaeol artefacts created during the experimental 3 0 7 procedure were used.
Environmental samples from Mediterranean cold seeps with marine AOM associated archaea mainly 3 1 0
contained GDGTs with 0 to 2 cyclopentane rings (Pancost et al., 2001) . In a study on distinct 3 1 1 Intact polar lipids of Ca. Methanoperedens sp.
4 0
Although intact polar lipids (IPLs) degrade more quickly than core lipids, IPLs are of higher 3 4 1 taxonomic specificity and therefore useful to study especially present environments ( hexose-MMPE and pentose-PE. Headgroups of GDGTs were found to be diphosphatidyl glycerol and 3 5 0 dihexose phosphatidyl glycerol. The identification of a pentose as a headgroup of hydroyxarchaeol 3 5 1
(mass loss of m/z 132) was unexpected. To our knowledge, this is the first description of a pentose as 3 5 2 headgroup for microbial IPLs. 3 5 3 ANME-1 archaea mainly produce diglycosidic GDGTs, whereas lipids of marine ANME-2 and 3 5 4 ANME-3 are dominated by phosphate-based polar derivatives of archaeol and hydroxyarchaeol 3 5 5
(ANME-2: phospatidyl glycerol, phosphatidyl ethanolamine, phosphatidyl inositol, phosphatidyl 3 5 6 serine, dihexose; ANME-3: phospatidyl glycerol, phosphatidyl inositol, phosphatidyl serine) ( Rossel  3  5  7  et al., 2008) . Furthermore, marine ANME-2 archaea produce only minor amounts of GDGT-based 3 5 8
IPLs and ANME-3 archaea produce no GDGT-based IPLs at all (Rossel et al., 2008) . IPLs of ANME-3 5 9
2d archaea can be distinguished from those of ANME-1 archaea by the prevalence of phosphate 3 6 0
containing headgroups as well as archaeol and hydroxyarchaeol based IPLs. Furthermore, ANME-2d 3 6 1
can be distinguished from other ANME-2 and ANME-3 archaea by the high abundance of dihexose as 3 6 2 headgroup, the rare MMPE and DMPE headgroups and putatively also the pentose headgroup, which 3 6 3 so far has not been described in the literature. In contrast to ANME-3 archaea, ANME-2d and marine 3 6 4 ANME-2 archaea produce GDGT-based IPLs, albeit only in minor amounts. 3 6 5
In marine environments, a variety of archaeal lipids including those identified in ANME archaea can 3 6 6 be found, e.g. those of the abundant Thaumarchaeota (GDGTs with hexose or phosphohexose 3 6 7
headgroups, Sinninghe Damsté et al., 2012) and uncharacterized archaea (mainly GDGTs with 3 6 8 glycosidic headgroups and in subsurface sediments also archaeol with glycosidic headgroups, Sturt et 3 6 9
al., 2004; Lipp et al., 2008) . In freshwater environments, IPLs of methanotrophic archaea have hardly 3 7 0
been studied. Two studies on peat samples identified GDGTs with a glucose or glucuronosyl 3 7 1
headgroup (Liu et al., 2010) and with a hexose-glycuronic acid, phosphohexose, or hexose-3 7 2 phosphoglycerol head group (Peterse et al., 2011) . GDGTs with a hexose-phosphoglycerol head group 3 7 3
were also identified in our study for ANME-2d archaea. Therefore, ANME-2d together with other 3 7 4
archaea might be part of the peat microbial community based on the IPL profile. Using DNA 3 7 5
biomarkers, most notably the 16S rRNA gene, Ca. Methanoperedens sp. has been detected in various 3 7 6
peat ecosystems (Cadillo-Quiroz et al., 2008; Zhang et al., 2008; Wang et al., 2019) . 3 7 7
The related order Methanosarcinales mainly produce archaeol and hydroxyarchaeol with the 3 
Incorporation of carbon derived from methane and bicarbonate in lipids
We were not only interested in characterizing the lipids of Ca. Methanoperedens sp., but also in 3 8 8
answering the question if the organism incorporates carbon derived from methane or from dissolved 3 8 9
inorganic carbon (DIC) in its lipids. In a labelling experiment from 2006 with an ANME-2d 3 9 0 enrichment culture, incorporation of carbon derived from methane could hardly be detected for 3 9 1 archaeal lipids (Raghoebarsing et al., 2006) . To establish the carbon sources for Ca. Methanoperedens 3 9 2 sp. we incubated the enrichment culture with 13 C labelled bicarbonate and methane and analysed lipid 3 9 3 extracts for Analysis of the isotopic composition of archaeol and its derivatives showed that ANME-2d archaea 4 0 5 incorporated carbon derived from both methane and bicarbonate into their lipids. However, the main 4 0 6
carbon source for biomass production seemed to be methane and not DIC as the former shows more 4 0 7 label in the archaeal lipids. However, it has to be considered that the cultures to which 13 C labelled 4 0 8
bicarbonate was added did not exclusively contain 13 C-DIC. About half of the DIC in the cultures 4 0 9
derived from 12 C-CO 2 dissolved in the medium after gassing with a mixture of 10% CO 2 /90% Argon 4 1 0 gas (calculations in the methods part). Considering this, the δ 13 C values of the archaeol isomers 4 1 1 without 12 C-DIC in the incubations would vary most probably between -40 and -60‰. Nevertheless, 4 1 2 the respective lipids were still quite depleted in δ 13 C in comparison to the incubations with labelled 4 1 3 methane (-2 to 12‰; 3 days incubation). Therefore, we concluded that mainly methane and not DIC is 4 1 4
incorporated in the lipids of Ca. Methanoperedens sp.. Supporting this result, cultures containing 4 1 5
marine ANME-1 and ANME-2 were shown to incorporate carbon derived from labelled methane into 4 1 6
archaeol, monounsaturated archaeol and biphytanes (Blumenberg et al., 2005) . In another study it was 4 1 7
found that ANME-1 archaea assimilated primarily inorganic carbon (Kellermann et al., 2012) . 4 1 8
Incubations with sediments containing ANME-1, 2a & 2b archaea showed that both, labelled methane 4 1 9
and inorganic carbon, were incorporated into the archaeal lipids (Wegener et al., 2008) . Incubations 4 2 0
with freshwater sediments including ANME-2d archaea followed by RNA stable isotope probing 4 2 1 demonstrated that those microbes mainly incorporated methane into their lipids but may have the 4 2 2 capability of mixed assimilation of CH 4 and dissolved inorganic carbon (Weber et al., 2017) . Our data 4 2 3
confirmed that ANME-2d archaea are capable of mixed assimilation of CH 4 and DIC, but that 4 2 4
methane is the preferred carbon source. 4 2 5 4 2 6 Conclusion 4 2 7 4 2 8
In this study, we analysed the lipids from the main player in nitrate AOM, Ca. Methanoperedens sp. 4 2 9
We found several lipid characteristics that enable distinction between ANME-2d and other ANME 4 3 0
groups (Table 2) . 4 3 1 ANME-2d archaea therefore can be distinguished from ANME-1 by the higher ratio of archaeol and 4 4 0 hydroxyarchaeol instead of GDGTs as well as phosphate containing headgroups. Furthermore, 4 4 1 ANME-2d can be distinguished from other ANME-2 and ANME-3 archaea by the high abundance of 4 4 2 dihexose as headgroup, the rare MMPE and DMPE headgroups and putatively also the pentose 4 4 3
headgroup, which so far has not been described in the literature. The appearance of a monopentose as 4 4 4
headgroup of ANME-2d lipids is an interesting observation and might be further analysed in the 4 4 5
future. In contrast to other ANME groups ANME-2d archaea have been shown to produce relatively 4 4 6 rare hydroxylated GDGTs. 4 4 7 1 5 ANME groups do not only differ in their membrane lipids itself, but also in the way they incorporate 4 4 8 carbon into their biomass. For ANME-1 it has been shown that primarily carbon derived from DIC is 4 4 9
incorporated into the lipids (Kellermann et al., 2012) . In case of ANME-2d archaea, we were able to 4 5 0
demonstrate that both, carbon derived from DIC and from methane, are incorporated into their lipids, 4 5 1 with methane as the preferred carbon source. f  5  3  2  m  e  t  h  a  n  e  o  x  i  d  a  t  i  o  n  i  n  a  n  a  n  o  x  i  c  m  a  r  i  n  e  s  e  d  i  m  e  n  t  :  E  v  i  d  e  n  c  e  f  o  r  a  m  e  t  h  a  n  o  g  e  n  -s  u  l  f  a  t  e  r  e  d  u  c  e  r  5  3  3  c  o  n  s  o  r  t  i  u  m  .   G  l  o  b  a  l  B  i  o  g  e  o  c  h  e  m  .  C  y  c  l  e  s   8  :  4  5  1  -4  6  3  .  5  3  4   H  u  ,  S  .  ,  Z  e  n  g  ,  R  .  J  .  ,  B  u  r  o  w  ,  L  .  C  .  ,  L  a  n  t  ,  P  .  ,  K  e  l  l  e  r  ,  J  .  ,  a  n  d  Y  u  a  n  ,  Z  .  (  2  0  0  9  )  E  n  r  i  c  h  m  e  n  t  o  f  d  e  n  i  t  r  i  f  y  i  n  g  5  3  5  a  n  a  e  r  o  b  i  c  m  e  t  h  a  n  e  o  x  i  d  i  z  i  n  g  m  i  c  r  o  o  r  g  a  n  i  s  m 
